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Physics of the Heavy Flavor
Tracker at STAR

1) Au+Au collisions
- measure heavy-quark hadron v,, the heavy-quark collectivity to study
light-quark thermalization
- measure heavy-quark energy loss to study pQCD in hot/dense medium
- measure di-leptions to study the direct radiation from the hot/dens medium

2) ptp collisions
- measure energy dependence of the heavy-quark production
- measure gluon structure with heavy quarks and direct photons



1) Introduction
- Recent results from RHIC: R,, and v,

2) New frontier - heavy quark production
- HQ collectivity: test light quark thermalization
- HQ energy loss: test pQCD in hot/dense medium

3) Proton helicity structure at RHIC
4) The numbers

Nu Xu



Temperature T [MeV]

N
o
o

100

The QCD Phase Diagram

Nuclei Net Baryon Density




~

S. Bass

Parton matter - QGP Hadronization
- The hot-QCD and Freeze-out

Initial conditions || Initial high Q2
interactions

Experime el

(1) Hard scattering production - QCD prediction
(2) Interactions with medium - deconfinement/thermalization

(3) Initial parton density
harm - productions plus the combination (1) and (£)

(1) Initial condition in high-energy nuclear collisions
(2) Cold-QCD-matter, small-x, high-parton density
- parton structures in nucleon / nucleus
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back-to-back jets disappear
Au + Au

Nuclear Modification Factor:
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-2 Inclusive cross-section (jets, ni®*,p*)

1/2x do/(dndpT) [pb/GeV]
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Mid-y jets, n0* and p* productions are well reproduced by NLO pQCD
calculations over many orders of magnitude =
1) powerful tool for analyzing spin physics.

2) reliable reference for study high-energy nuclear collisions.

STAR: PRL 97, 252001(06); PL B637, 161(06)
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Parton energy loss:
(“Jet quenching”)

1982
1992

In central Au+Au collisions: hadrons are suppressed and back-to-back ‘jets’
are disappeared. Different from p+p and d+Au collisions.

Enerqgy density at RHIC: € >5 GeV/fm3~ 30§g

Bjorken
Gyulassy & Wang
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Lesson Learned - QCD at Work

(1) Spectra at intermediate p; show evidence of
suppression up to pr~ 10 GeV/c;

(2) Jet-like behavior observed in correlations:
- hard scatterings in AA collisions
- disappearance of back-to-back correlations;

(3) Effect of color factors not yet observed

> Energy loss processes should lead to
progressive equilibrium in the medium

Nu Xu 9
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PRL in print, 2007.

10



~
/\l A
fFreeeer

Mid-rapidity hadron ratios
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Number of participants

200 GeV "¥"Au + "®"Au central collision

data

O

Thermal
model fits

T, =163 £4 MeV

Ug = 24 + 4 MeV

J

freeze-out.

- In central collisions, thermal model fit well with yg= 1. The system is
thermalized at RHIC.
- Short-lived resonances show deviations. There is life after chemical
RHIC white papers - 2005, Nucl. Phys. A757, STAR: p102; PHENIX: p184.
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QCD Phase Diagram
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- Compare with Hydrodynamic Model
Au + Au Collisions atV's,,, = 200 GeV
14 | (a) collision centrality 175 I (b) hadron mass
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- Hydrodynamic model fit to pion, Kaon, and proton spectra;
- Over predicted the values of <p> for multi-strange hadrons who are
‘early freeze-out’ P. Kolab and R.Rapp, PRC
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Slope Parameter Systematics

Vs, = 200 GeV Au+Au
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Anisotropy Parameter v,

coordinate-space-anisotropy >  momentum-space-anisotropy

Initial/final conditions, EoS, degrees of freedom




VS, =200 GeV ¥ Au + ¥ Au Collisions (min. bias)

=1 Collectivity, Deconfinement at RHIC

- - v, of light hadrons and
(b) multi-strange hadrons
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X. Dong, et al., Phys. Lett. B597, 328(04).
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g ¢ -meson Flow: Partonic Flow
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¢-mesons are special:
- they are formed via coalescence with thermalized s-quarks
- they show strong collective flow

‘They are made via coalescence of seemingly thermalized quarks in

partonic collectivity has been formed at RHIC’
STAR: Phys. Rev. Lett., In print nucl-ex/0703033; Phys. Lett. B612, 81(2005)

central Au+Au collisions, the observations imply hot and dense matter with

Nu Xu
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Viscosity and the Perfect Fluid

The universal tendency of flow to be
dissipated due to the fluid’s internal
friction results from a quantity known
as the shear viscosity. All fluids have
non-zero viscosity. The larger the
viscosity, the more rapidly small
disturbances are damped away.

Quantum limit: M/Syys,cpr ~ 1/4n

0 pQCD limit: ~ 1
"_1'_0' T s on os 1o ' At RHIC: ideal (n/s = 0) hydrodynamic
(T, model calculations fit to data =
Caption: The viscosity to entropy ratio
versus a reduced temperature. PerfeCt FIUid at RHIC7’

Lacey et al. PRL 98:092301(07)
hep-lat/0406009
hep-ph/0604138
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[ esson learned Il: EoS Results

In Au + Au collisions at RHIC:

(1) Hadron yields in the state of equilibrium - chemical
freeze-out near the transition temperature

(2) The yields N(L2)/N(¢) ratios indicate thermalization

(3) Partonic Collectivity and de-confinement

> Test light quark thermalization with heavy
flavor probes

Nu Xu 19



Quark Masses
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Total quark mass (MeV)

- Higgs mass: electro-weak
symmetry breaking. (current
quark mass)

- QCD mass: Chiral symmetry
breaking. (constituent quark
mass)

=> Strong interactions do not
affect heavy-quark
masses.

=> Important tool for studying
properties of the hot/dense
medium at RHIC.

=> Test pQCD predictions at
RHIC, including the effect
of color factors.

Nu Xu
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The ReP Ratio: pQCD vs. AdS/CFT

Y L B g o, s s |
—— pQCD Rad+El et .
—— AdS/CFT, D=3 .,;’;.--"
0.8 —— AdS/CFT, D=1 T e -
—— AdS/CFT, A = i
ey | /
+
206 -+ | ‘; LHC _
4,& I - | 1, pQCD
< | i
= IRy i
. < 0.4H 0
0.2F
AdS/CFT
1 | | | J |

1 I 1
100

150

0 10 20 30 40 50 | 50
P (GeV) WH, M. Gyulassy, to be published Pr (GeV)
1) Ratio of Charm over Bottom = separate the energy loss
mechanism and the limit on n(T)/s(T)
2) AtRHIC, AdS/CFT more valid at higher p; due to Ty c < Ti e
W. Horowitz and M. Gyulassy, nucl-th/07062336
Nu Xu 21



» /\ u
Charm Cross Sections at RHIC
:ll T T T T
. STAR (nucl-ex/0607012) -
400 200GeV p + p — open charm + X < ®  STAR (PRL 94 (2005) 062301) === oSXP/FONLL -
O STAR (AU+AU) SQMO06 8 . PHENIX (hep-ex/0609010) ¢ ce B
@ STAR (p+p/ d+Au) PRLY5 e
o 300 O A PHENIX (Au+Au) PRL94 2
S Y PHENIX (p+p) PRL96 ©
% + systematic error
>~ 200 -v-
Zz 8 Color dipole
_8 HSD
100 - MRST/CTEQ
O ot e e e - | | I |
10 2 4 6 8 10
0 1 2 N 3 4 5 b (GeVic)
Rapidity T
1) Large systematic uncertainties in the measurements
2) Theory under predict by a factor ~ 2 and
STAR ~ 2 x PHENIX
3) Directly reconstructed charm hadrons =Upgrades
Nu Xu 22
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HQ Decay Electron Data

---------------
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s 70V, p,>2 GeV/c

+ + HF
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Phenix: PRL 98 172301(07)

- Large p+: suppression as light
quark hadrons;
- Low p+: non-vanishing v,

=> Possible coupling of the
heavy quarks with the
hot/dense medium at RHIC.

Unknown: p; dependence of
the bottom quark contributions

Unknown: collectivities of light-
and heavy-quarks

Nu Xu
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e Decayed Electron p; vs. b- and c-hadron p+

.......
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The correlation between the decayed electrons and heavy-flavor
had rons iS Weak. Pythia calculation Xin Dong, USTC October 2005

Nu Xu 24



Upgrades Are Needed!

When systematic error dominates the
data, new experiments (detectors) are
called for.

25



STAR Upgrades

MTD EMC barrel

EMC End Cap

finished

[l ongoing |

FMS

- DAQ1000
- TPC FEE
- MTD
- Soft y

Nu Xu
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Heavy Flavor Tracker at STAR

Heavy lon

p+p

Measurements

heavy-quark hadron v,, the

heavy-quark collectivity

Requirements

- High efficiency

- Low p; coverage
- mid-rapidity

- High counting rate

heavy-quark hadron R,,,
heavy-quark energy loss

energy dependence of the
heavy-quark production

- High p; coverage

- Low p; coverage

gluon structure with heavy
quarks and direct photons

- wide rapidity coverage
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Recent Spin Results

= }:><: }‘[— A, [ ¢ 2006 STAR Preliminary
= GRSV-std —_—— — ], —
Versus 01— GRSV Ag=g P e —
. }»(}L " --- GRSV Ag=0 e
- 008 — - GRSVag=g -~
- - . - e
p+p— jet(s)+ X 0.06/ P ]
n ' L
004 7 —
-/
0.024~ eV L |
¥ 5 b _ni ----------- $---
.o=’~£-—¢_ e 2. ~——_
-0.02 :_ Online polarization e
_I 1 1 1 I 1 1 1 L I 1 L 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1
10 15 20 25 30 35
P; (GeVic)
Summary: “... disfavor at 98% C.L. maximal positive gluon polarization

in the polarized nucleon.” (2005 data)

STAR: “Longitudinal double-spin asymmetry ...” arXiv: 0710.2048, sub. to PRL
(i) Phys. Rev. Lett. 99 (2007) 142003; (ii) Phys. Rev. Lett. 97 (2006) 252001
(iii) Phys. Rev. Lett. 92 (2004) 171801
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) Heavy Quark Production
The NLO pQCD predictions
of charm and bottom for the
RHIC__ LHC! cross sections.

— .. M.=13 (GeV) Char

L0 w=mMme. . .

£ 10 PO s ‘| The renormalization scale
2 —u=2m, and factorization scale were
o | e w=mg Bottom chosen to be equal.

[

@ 10

N RHIC: 200, 500 GeV

B LHC: 900, 14000 GeV

e m, = 4.5 (GeV)

O 10f w=mg Ideal energy range for

g me =475 (CeV) | | studying pQCD predictions
e u=2mg .

= w=mg for heavy quark productions.

4
10° Necessary references for

both heavy ion and spin
programs at RHIC.

Nu Xu
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- Heavy quark production: Complimentary probe for gluon polarization

and open the study of spin dynamics to quark mass.

- Partonic asymmetry on event kinematics - Never tested before!

- NU: needs references

| |
R "+6_)y+x_
i B+Bo>b+b |
- | | |
0 5 10 15 20
P (GeV)
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Direct Radiation of Matter

0.4

0.3

0.2

0.1

Slope parameter T (GeV)

0.0

&AA M <> o +

A Vs=17.2 GeV In+In (dN_, /dy > 30)

. MR IMR

nplo ¢
n K PAEZ QD A Jhy V'

c

0.5 1 1.5 2 2.5 3 3.5

Mass (GeV)

The di-leptons will
allow us to measure
the direct radiation of
matter with partonic
degrees of freedom,
no hadronization!

Puzzle 1: dramatic

change of the slope
parameter at m ~ 1
GeV

Puzzle 2: source of
Tatm= 1.5 GeV

Nu Xu
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(a) dN/dp+ distributions for D-

Rates Estimate - v,

10 | (a)D-meson dN/dp; 0.2 [ (b)D-mesonv,
mesons. o Lap e, — KSv
T 0 *20ny,, = 015 0 #%@%
Scaled by <N, > =290, corresponds to 3 19.aho00, S00800000, | 2 |
th - b A +A ” . t g 10_4; Coocoo 8 ,
e minimum bias Au + Au collisions a < 10| 2 0.1
RHIC. g 107 000000, | S
S 10 | dNrdy|, =0.03 0.05 MM'
(b) Assumed v, distributions for D- G 10 || ANy, = dNidy,"200 /L7 o g does flow
mesons 10 | (M.B. Au+Au) 0 |o# ¢ q,does not flow
-~ PLB 595, 202 (2004) (©) 0°effiioncy (@) D° v ates (MB. AusAu
-1 _5
Error bars shown are from 15% g1 | > ptHHE4y
. [
systematic errors g 2 ﬁmywm ‘N::t% "
(c) 3-o significance D° efficiency with a 10 * € 10" i *’*M.,.
TPC+SSD+HFT (TPC+SSD+HFT) o | 15% erorinv,
' 0 a3l | 30% error in v,
(d) D® meson v, rates from minimum nd 10
. . 0 1 2 3 4 5 0 1 2 3 4 5
bias Au + Au collisions at 200 b (GeVic) o, (GeVIc)
GeV.
X7 - # of Events | # of Events
The small and large error bars are for Pt (GeV/e) | Apr (GeV/e) | | " 4oes flow | g does not flow
15% and 30% systematic errors, 0.6 0.2 260 = 126 525 > 102
respectively. For the v, analysis, 12 bins D 9 o s 2
in ¢ are used. 2.0 0.5 5310° 1125 <10°
3.0 1.0 105 < 10 175 < 10
5.0 10 210 - 100|440 - 10"
I
Nu Xu 32




Physics of the Heavy Flavor
Tracker at STAR

1) Au+Au collisions

- measure heavy-quark hadron v,, the heavy-quark collectivity to study
light-quark thermalization (200 - 300 x10° Au+Au M.B.* events)

- measure heavy-quark energy loss to study pQCD in hot/dense medium
(7.5 x10° p+p events; 1x108 Au+Au 10% events; 5 x108 Au+Au M.B.* events)

- measure di-leptions to study the direction radiation from the hot/dens medium

2) p+p collisions
- energy dependence of the heavy-quark production (7.5 x10° events)

- measure gluon structure with heavy quarks and direct photons
( 300 - 800 pb-' events)

M.B*: minimum bias



